Abstract. We analyze the diurnal cycle of the 2-m thermodynamic data averaged over the First International Land Surface Climatology Project (ISLSCP) Field Experiment site near Manhattan, Kansas, during 1987, using supporting soil moisture data, surface flux data, rainfall, and cloud information. Conserved variable plots are our primary analysis method. We present a summer mean, stratified into dry and wet days, and the monthly seasonal cycle. Further stratifications indicate the control of soil moisture on the surface evapotranspiration, vegetative conductance, and mean diurnal cycle for the boundary layer. We extract composite data sets for the daytime diurnal cycle over grassland in midsummer as a function of soil moisture and show that these are consistent with a mixed layer model for a rapidly entraining boundary layer.
Introduction
The 1987 First International Land Surface Climatology Project (ISLSCP) Field Experiment (FIFE) collected an extensive data set of surface meteorological data from about 10 portable automatic meteorological (PAM) stations. We edited and averaged these data to a single station mean time series for 6 months, May-October 1987 (Betts et al. [1993] , data available in the work of Strebel et al. [1994] ). This time series is used here to present a climatology of the mean surface diurnal cycle, associated with the season and forcing functions such as soil moisture, and the surface energy balance. The composite method is used; groups of days will be selected and averaged (using conserved variable plots) to show the impact of season and different physical parameters. By averaging the diurnal cycle of many days, we hope to reduce the impact of advective processes, which can produce confusing trends in daily data in midlatitudes. In section 6 we select groups of days in July and August, for which advective influences are reduced. We are not aiming in this paper to test detailed land surface models such as those of Sellers et al. [1989] or Dickinson [1984] , but rather to develop data sets for the diurnal cycle of the coupled system of land surface and boundary layer (BL) (including the BL cumulus cloud field), which can be used for the testing and development of coupled parameterizations for global models. We discuss the impact of surface and BL-top processes on the diurnal cycle of equivalent potential temperature, 0E, which controls the development of cumulus and cumulonimbus convection, and on saturation pressure, p' (correspondmg to the lifting condensation level (LCL) pressure), using a mixed layer model. intercompare two contrasting sites (one grazed and one ungrazed) and show that evaporative fraction (EF) near noon appears to have little dependence on leaf area index (LAI) over a range of LAI from 0.5 to 1.7. They suggest that feedbacks such as the interactions with the convective boundary layer may reduce the variation in EF. Our analysis draws on all these papers and attempts, by averaging both over the FIFE site and over many days, to see what controls on EF can be identified in composite data. This research is prompted by the need to understand the surface forcing over land. One need is for data to test the interactive parameterizations in global models. A direct intercomparison of the diurnal cycle in the FIFE data set and the European Centre forecast model [Betts et al., 1993 ] led temperatures at 10-and 50-cm depth, a radiometric skin temperature, incoming and reflected solar radiation, incoming longwave radiation, net radiation, rainfall, and for most of the period, cloud cover from two sources (a cloud camera at the FIFE site and hourly observations from Marshall Field Air Force Base, roughly 15 km to the wes0.
Surface flux measurements were made by 22 stations at 20 sites by both eddy correlation and Bowen ratio methods [Kanemasu et al., 1992] . For four intensive field campaigns (IFCs) (each about 2 weeks in length) all stations operated.
From these we averaged the data from 17 stations shows discontinuities at the end of IFC 1 and the beginning of IFC 2, when the method of calculation changes.) The reason is unknown (E. A. Smith, personal commtmication, 1994), although comparisons between the direct measurements of Bowen ratio in IFC 1 and the fluxes derived by the flux-profile method confirm this bias. Rather than exclude this period (from June 7 to 24) from our initial analysis, we made a simple urnform daytime correction to the SH and LH data for this period, sinusoidal in shape with a noon peak of 50 W m -:. Our most detailed composites will be based only on July and August data.
About 100 gravimetric soil moisture measurements were taken (roughly five samples at 20 sites) for two subsurface layers (0-5 and 5-10 cm), nearly daily during the IFCs and much less frequently between IFCs. We produced a site average time series of soil moisture for the 0 to 10 cm layer. Because volumetric soil moisture is often used in large-scale models, we made an approximate conversion. The volumetric soil moisture (SMoot) was calculated from the measured gravimetric fraction (SM•0, assuming a mean wet soil density of 1.1, using the relation SMvo 1 = 1.1 SMgrav/(1 + SMgrav) (1) Soil moisture values were interpolated for days without heavy rainfall, for which no measurements were taken. Between IFCs when measurements were sparse, only general trends can be represented, but this uncertainty does not affect our composite analysis greatly. Profiles of deep soil moisture are available only infrequently at a few sites [e.g. Kim and Verma, 1990 ], but these are not used here.
Mixed Layer Budgets
Although we are using averages of measurements made at 2 m within the superadiabatic layer, their diurnal trends closely reflect the diurnal cycle of the mixed layer, until the surface starts to cool in midafternoon. The mixed layer budget equations therefore give a helpful framework for understanding the relative role of fluxes at the surface and by entrainment at the top of the mixed layer (cloud base once small cumulus form). Betts and Ball [1994] analyze the mixed layer budgets using FIFE BL sonde data and show the relationship between mixed layer trends and trends at 2 m, as well as derive estimates of entrainment which we shall use in section 6.
Potential Temperature and Mixing Ratio
Betts [1992] presented the simplified mixed layer budgets of potential temperature, 0, and mixing ratio, q, as (ignoring horizontal advection) P C3t Pi The solution of (5c) for 0p*/0t = 0 gives a useful reference surface Bowen ratio and corresponding EF, for which p* no longer rises. This can be written [Betts, 1994] 
Four-Month Average, June -September 1987
We made one partition of the days in this 4-month period into those with significant rainfall during the daytime (29 days: labelled "wet", roughly 25 %) and those "dry" days for which the daytime diurnal cycle was not disturbed by ram or heavy overcast. The "wet" group is primarily those with daytime rain, although it includes a few days with heavy overcast but little or no rain. "Overcast" days were defined as having an R n for the 3-hour average from 1700 and evaporative fraction (EF). As might be expected EF is larger for the wet average, but the differences are small in these summer averages. Figure 9 shows the difference, ATRad, between the radiometric surface temperature and the 2-m air temperature over the whole 24-hour period. As might be expected, the skin temperature excess is 2 K greater on dry days in the daytime and cooler at night (probably because of reduced cloud cover). Figure  14 shows ATRaa, the difference between the radiometric surface AT•aa and the 2-m air temperature. Again the moist soil averages are close, but with drier softs, ATica increases to a noon peak of 7.5 K in the driest soil average.
Seasonal Cycle

Partition by Surface Bowen Ratio
This stratification of the data, shown in Table 2 , BR2, contains days from all the SM groups (2,4,10, and 3 from SM1, SM2, SM3, and SM4, respectively). The last and driest group BR3 contains eight of the days in SM4 and three from SM3 (August 9-11). Figure 15 shows the (O,q) plot of the three BR groups. They form a sequence with increasing surface BR: there is a larger diurnal temperature range and the afternoon fall of q is larger. There is a progression toward a warmer moister mean, probably because SM2 and SM3 contain more of the warmer days in late July and August. Figure 16 shows the 2-m air temperature and the corresponding mean soil temperature at 10-cm depth. The mean upward shift of the diurnal cycle of T with increasing/3s reflects the increase in 
The O,q Classification of Noon Data
The composites presented so far include all the summer days without significant rain. We now extract a smaller subset of days to develop a reference diurnal data set for further modeling, days which are least affected by cold advection, as well as large variations in net available energy. We now repeat the partition by soil moisture presented in section 4.3 using this selected group of 28 days in July and August. The data are grouped into the three nearly equal sized classes shown in Table 3 . Figure 22 shows the (0, q) plot. We now see a clearer pattern in the averages than in Figure 11 . Over wet soils the diurnal cycle is shifted toward higher q, which increases until 1815 UT (near local noon).
The diurnal temperature range is reduced, but 0•r reaches a much higher afternoon maximum of 361 K. In contrast over dry soils, q starts to fall soon after sunrise (after 1315 UT), 
Mixed Layer Model Simulation
We now integrate the ML model equations (5a), (5b), and (15) (presented in section 3) to see how well we can simulate the diurnal cycle of the observed composites in 
Summary and Conclusions
This paper has analyzed the diurnal variation of nearsurface parameters from the 1987 FIFE data set. We showed a four-month average divided into "wet" and "dry" days. The wet group is significantly moister than the dry group and has a smaller diurnal temperature range, because of reduced net surface available energy. The diurnal cycle for the dry days for different months are very similar, although there are some differences in detail. The pressure height of the LCL, corresponding to cloud base in the afternoon, generally increases from May to October. The maximum 0E reached during the day is largely controlled by the seasonal warming of soil temperature, modulated by the daytime surface heating. The mean rise of 0E during the daytime is 14 K in midsummer.
We then partitioned a group of 94 dry days for which we Mixed layer model solutions were compared with these FIFE soil moisture composites for the 28 days in July and August. Using the measured surface BRs and estimates of entrainment AR and ML-top BR/5i from BB94, we were able to reproduce qualitatively the observed diurnal cycle. We showed the strong sensitivity to ML-top entrainment, and/5i, and again concluded that high entrainment was necessary (AR•0.4) to reproduce the observed FIFE diurnal cycle. It is clear that although the ML model is a useful tool, more work needs to be done on the coupling between cloud and subcloud layers over land to model satisfactorily the fully coupled land surface-BL system. This equilibrium controls the evolution of the BL-cloud field and can determine the location of precipitation convection. The link between soil moisture and afternoon 0• equilibrium is a critical part of the local surface boundary control on atmospheric convection over land. As over the oceans, the seasonal cycle of surface temperature plays a major role in the afternoon 0• equilibrium. Unlike over the oceans, variations in soil moisture in summer produce important variations in BL equilibrium OE. Soil moisture also provides a long-term memory (separate from surface temperature) from the weekly to seasonal timescales (and for deeper layers at interannual timescales). If soils are moist over large enough horizontal scales, then the associated higher equilibrium O• and lower cloud-base can be expected to organize mesoscale convective systems, just as warmer sea surface temperatures do over the ocean. More generally, improvements in our representation of the surface boundary condition over land are likely to yield major improvements in both climate and forecast models.
